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In the first place it was decided to concentrate upon the following-
subjects :—(1) the numerical distribution of bacteria in lakes, (2) a 
study of the types most commonly present, and (3) the nitrogen-cycle. 
Windermere was chosen as the most convenient body of water for 
initial work. Samples of water have been taken weekly from a sampling 
point in the north basin at depths of 1, 10, 30 and 50 metres during 
the summer and autumn of 1938 and at 1 and 10 metres since December. 
In the south basin of Windermere samples have been taken fort-
nightly from depths of 1, 10, and 30 metres. In addition periodic 
samples have been taken from Esthwaite Water and Blelham Tarn. 
More recently work has been started on Thirlmere and its inflowing 
streams (by permission of Manchester Corporation Waterworks). 
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Bacterial counts were made by the plate method. In this method 
the number of bacteria which grow, and hence are counted, depends 
largely upon the composition of the nutritive medium employed. 
Many media were compared, and the one consistently giving the 
highest numbers, sodium caseinate agar, has been employed throughout 
the work. An incubation temperature of 20°C. for a period of 15 
days was found to be most suitable for the growth of water bacteria. 
HORIZONTAL DISTRIBUTION. Numbers of bacteria in the main 
inflow to Windermere are high, but decrease gradually as the distance 
from the inflow increases as shown in the table below. At a point 
586 yards from the river mouth the bacterial count reached a figure 
which was not significantly different from the number at a point 242 
yards further down the lake. Samples taken at similar depths from 
sampling points rather further apart showed no significant differences 
at points between 1.7 and 3.0 miles from the river mouth and only a 
slight drop between 3.0 and 3.8 miles. These figures relate only to 
open water and not to shallow areas in bays where bacteria are usually 
much more numerous. 
NUMBERS OF BACTERIA PER MILLILITRE AT DIFFERENT DISTANCES 
FROM INFLOW INTO WINDERMERE. 
VERTICAL DISTRIBUTION. Numbers of bacteria decreased with 
increasing depths in the summer months in Windermere, Blelham 
Tarn, Esthwaite Water and Rydal Water. On October 2nd, 1938, 
a heavy gale caused the " overturn " of the waters of Blelham Tarn 
and Esthwaite Water and determinations of bacterial numbers on the 
day following showed that in Blelham Tarn bacteria had become 
53 
equally distributed throughout, but that in Esthwaite Water the 
previous distribution had been reversed, and bacterial numbers 
increased with increasing depth. This anomaly did not continue 
long, and a subsequent count two weeks later showed equal distribution 
of bacteria in Esthwaite Water also. In Windermere the situation was 
different as the greater depth resists a sudden overturn, with consequent 
mixing, as explained in the previous article. From figure 7 it can be 
seen that the gale of October 2nd did in some way cause a large increase 
in the numbers of bacteria at a depth of 50 metres, but mixing was 
not evident until November 23rd, when the bacterial count at the 
bottom was considerably higher than those of the two upper samples. 
F I G U R E 7. Seasonal variation during 1938-9 in numbers of bacteria at 
different depths in Windermere (north basin). 
F I G U R E 8. The relationship between the numbers of bacteria at 10 metres 
depth in Windermere (north basin) and the rainfall during the previous 
7 days. 
Figure 7 shows that remarkable fluctuations occur in the bacterial 
content of water from week to week. In summer the fluctuations 
54 
are confined to the upper layers above the thermocline, but once 
the overturn has become established they occur at all depths. These 
fluctuations appear to have no relation to changes in the chemical 
content or to the number of algae present. If, however, numbers 
of bacteria are plotted against the rainfall of the seven days previous 
to sampling, a close relation is suggested (figure 8). Initial experiments 
have shown that the time elapsing between rainfall and the subsequent 
increase in bacterial numbers varies, the period observed being 
between two and four days. Discrepancies between the curves for 
rainfall and bacterial numbers may sometimes be attributed to a 
large downpour not having had effect, or the effect having already 
passed before the time of sampling. Other factors which appear to 
influence the relations are the actual amount of precipitation and the 
number of bacteria previous to the precipitation. 
The purification of stored water in reservoirs has been largely 
attributed to the sedimentation of bacteria, either as a subsidence of 
actual bacterial cells, or of bacteria attached to solid particles. 
Formerly such authorities as Frankland and Savage contended that 
sedimentation was the chief factor in water purification, and later 
Houston attached considerable importance to the same process, but 
these views were based solely on the fact that bacterial numbers 
decreased in stored water even when the storage period was less than 
24 hours. From figure 7 it is clear that when Windermere was not in 
circulation, between July 20th and September 28th, the lake was 
bacteriologically stratified. At depths of 10 metres and less, violent 
fluctuations in numbers of bacteria took place after heavy rainfall, 
but at 50 metres the numbers showed no tendency to fluctuate and 
remained at a low level. If sedimentation had taken place repercussions 
of the large increase in the upper layers should have been observed 
at some later period in the greater depth, but no such repercussions 
took place during the two months mentioned. No evidence is available 
regarding the sedimentation of bacteria attached to soil particles 
owing to the relatively small amount of suspended matter normally 
carried into Windermere by its inflow. Equally, the nature of the 
drainage basin and the distance of the inflow from the sampling 
point prevent any such evidence from being obtained in times of 
flood. It would appear that no significant sedimentation of living 
bacteria takes place either as cells or attached to particles of organic 
matter. 
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T Y P E S OF BACTERIA PREVALENT IN WATER. L a r g e n u m b e r s o f 
bacteria have been isolated in pure culture for three reasons : (1) to 
establish whether there is a bacterial flora indigenous to water, and 
if so to determine the functions of that flora, (2) to compare the types 
of bacteria in different lakes and at different depths, and (3) to make 
a comparison of the types of bacteria present in lake water prior to 
and after heavy rain, in order to find out whether the resulting increase 
in numbers of bacteria is due to washing-in of organisms, or to a 
multiplication of the existing types. Previous work of this type by 
other research workers has in the main been confined to certain species 
or groups of bacteria such as B. welchii or the coli-aerogenes group, 
or to bacteria isolated on a specialised medium, gelatin being the one 
most commonly employed. In the present investigation bacteria 
have been sub-cultured from the entire Petri plate of sodium caseinate 
agar or sector thereof, without any bias as to the size or the colour 
of any colony. Such pure cultures have been studied in regard to 
their morphology and biochemical properties. 
Results have shown that an astonishing diversity of bacterial 
species is present in lake waters, and that in future many more cultures 
must be isolated than has been the practice up to the present time, 
if an accurate bacterial analysis is to be made. Certain points, however, 
seem to have been elucidated. It would appear that there is definitely 
a bacterial flora indigenous to water although many forms may probably 
be found elsewhere. This flora is distinguished from that of the soil 
by its consisting almost entirely of rods of various sizes which do not 
take the Gram stain, and its lack of the large group of pleomorphic 
Gram-staining organisms of the B. globiforme group. 
The relative abundance of various species of bacteria appears 
to vary considerably in different lakes, and also from time to time in 
any one lake. This can be seen clearly by the periodic appearance of 
large numbers of red or yellow colonies on the culture plates. No 
outstanding difference in types of bacteria at different depths was 
observed during the period that the lake was in circulation. 
An excellent opportunity occurred for studying the types present 
before and after rain. On January 3rd, 1939, bacterial numbers had 
fallen to 850 per millilitre at the Windermere sampling point, but on 
January 12th, after a period of heavy rain (4.5 inches) the numbers 
had risen to 11,600 per millilitre. A comparison of the types indicated 
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that the high number of bacteria after rainfall was due to multiplication 
of the previous existing bactcria, and not to the washing-in of soil 
bacteria. The reason for the striking effect of rainfall is at present 
not evident; rain in itself contains relatively large amounts of ammonia, 
nitrates, and chlorides, although the amount of chloride does not 
usually exceed that in Windermere water, and it seems improbable 
that the amount of ammonia or nitrate in one inch of rain is capable 
of producing an effect on bacteria at a depth of ten or more metres 
below the surface of a lake. 
THE NITROGEN CYCLE. T h e activity of ammonia-oxidising, 
nitrite-oxidising, nitrate-reducing and nitrogen-fixing bacteria in 
water from Windermere, Esthwaite Water and Blelham Tarn, and 
other less productive lakes have been studied. To ascertain the 
relative importance of these organisms it has been customary to 
inoculate specialised media with varying dilutions of water, to incubate, 
and then to test at intervals for the appearance or disappearance of 
the particular nitrogen compound in view. The results of this 
procedure give a roughly quantitative idea of the number of the 
particular bacteria present. 
In the experiments on the oxidation of ammonia and nitrite, 
and of the fixation of nitrogen, results were at first entirely negative. 
Failure was found to be due mainly to the use of too small an amount 
of inoculum; 50 millilitres of sample, incubated for 6—8 weeks, 
will show the presence of ammonia-oxidising bacteria in Windermere 
and other productive lake waters, but not in the less productive lakes. 
The inflows to Esthwaite Water and Windermere, which contain a 
certain amount of purified sewage effluent, usually show positive 
results with only 1 millilitre of inoculum. Nitrite-oxidising bacteria 
are scarcer still, and only in a very few experiments has any oxidation 
of nitrite occurred, even with 50 millilitres of sample. The presence 
of bacteria capable of fixing atmospheric nitrogen has been demon-
strated in samples of water from Windermere, Esthwaite Water, 
Blelham Tarn and their inflows, but like the ammonia-oxidising 
bacteria their number is very small, and 200 millilitres of sample are 
usually required to procure growth in culture flasks. 
Since the numbers of the three types of bacteria concerned in the 
nitrogen cycle in lake waters are very small, even smaller than the 
corresponding numbers of the coli-aerogenes group, they could be 
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regarded in the same light, i.e., that of being incidental rather than 
indigenous. Laboratory experiments indicate the possibility that 
ammonia and nitrate, as such, present in lake water, are used as 
nitrogen sources for bacteria. In this connection C. H. Mortimer 
has shown that the seat of nitrification is on the mud surface. 
Nitrate-reduction plays a much more important part in the 
nitrogen cycle in lakes. Relatively large numbers of bacteria capable 
of reducing nitrates were found in the epilimnion in summer, but 
fewer in the hypolimnion, which conforms to the general distribution 
of bacteria in the water. After the overturn numbers were equally 
distributed throughout the lake, and increased from an average of 
50 per millilitre to 100 per millilitre ; this increase corresponded with 
a period when greater quantities of nitrate were washed into the lake. 
It would appear that the mud and the water above may have a 
joint nitrogen cycle, and that the particular part played by the water 
bacteria is largely one of reduction. 
